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Abstract 
Gas phase dissociative electron attachment (DEA) measurements with methyl-dialanine, 
C7H14N2O3, are performed in a crossed electron-molecular beam experiment at high energy 
resolution (~120 meV). Anion efficiency yields as a function of the incident electron energy 
are obtained for the most abundant fragments up to electron energies of ~15 eV. There is no 
evidence of molecular anion formation whereas the dehydrogenated closed shell anion (M–
H)– is one of the most dominant reaction products. Quantum chemical calculations are 
performed to investigate the electron attachment process and to elucidate site selective bond 
cleavages in the (M–H)– DEA-channel. Previous DEA studies on dialanine have shown that 
(M–H)– formation proceeds through abstraction of a hydrogen atom from the carboxyl and 
amide groups, contributing with two distinct resonances at 0.81 and 1.17 eV, respectively [D. 
Gschliesser, V. Vizcaino, M. Probst, P. Scheier, and S. Denifl, Chem. Eur. J., 2012, 18, 4613-
4619]. Here we show that by methylation of the carboxyl group all (calculated) thresholds for 
H-loss from the different sites in the dialanine molecule are shifted up to a maximum of 1.4 
eV. The lowest lying resonance observed experimentally for (M–H)– remains operative from 
the amide group at the electron energy of 2.4 eV due to the methylation. We further study 
methylation induced effects on the unimolecular dissociation leading to a variety of 
negatively charged DEA products.  
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1. Introduction 
 During the last decade, initiated by the pioneering work on electron induced damage to 
DNA,1 a broad set of experimental and computational dissociative electron attachment studies 
on biological relevant molecules have provided detailed information on the mechanisms 
underlying the deposition of the energy of the captured electron into these molecules and 
molecular networks.2,3 . The nature of the biological degradation and its consequences (e.g. 
strand breaks that may lead to biological apoptosis) triggered by low-energy electrons, even at 
sub-excitation energies,4,5 has been thoroughly explained in reactions proceeding via 
formation of a transient negative ion (TNI). The TNI which is formed with an excess of 
internal energy decays either through the available dissociative channels or by electron 
ejection (autodetachment). 
Amino acids have also attracted considerable attention due to their role as key subunits of 
proteins and as intermediates in the metabolism of cells. In fact, as some of the proteins’ 
components intercalate within the DNA grooves, they may directly interact with the DNA 
building blocks. As such, mechanisms leading to fragmentation of proteins may result in the 
formation of reactive species that in the vicinity of DNA may induce structural (irreversible) 
damage. Understanding such processes from the radiobiological point of view turns out to be 
particularly relevant during the early stages of irradiation. Moreover, peptides are 
characterized by OC–NH bonds formed from adjacent amino acids. Investigations based on 
dipeptides may provide relevant information from which already an understanding of the 
decomposition by ionizing radiation and subsequently formed low-energy electrons is 
possible. The resonant formation of negative ions in bare amino acid molecules6-15 and 
clusters embedded in helium droplets16-18 as well as in some dipeptides19-22 by free electrons 
has deserved considerable attention. We also note that negative ion formation by electron 
transfer in a crossed beam experiment has been studied in collisions of potassium atoms with 
glycine23 in order to mimic a solvated state of an electron and complementing the studies with 
ballistic electrons.24 
Recently we carried out a detailed low-energy electron attachment study to the dipeptide 
dialanine.19,20 The molecule decomposes strongly upon capture of a low-energy electron 
which leads to a number of fragment anions and corresponding neutrals. The formation of the 
dehydrogenated parent anion turned out to be a particularly intense reaction channel and 
highly site selective as a function of the initial electron energy. The corresponding loss of a 
hydrogen atom from the molecule was assigned to the amide group and the carboxyl group. In 
the present work we investigate the negative ion formation from the dipeptide methyl-
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dialanine (see Figure 1a for the corresponding molecular structure), where in contrast to 
native dialanine the hydrogen at the carboxyl group is replaced by a methyl group. DEA in the 
electron energy range from ~0 up to 15 eV is investigated by recording the ion yield curves 
with high energy resolution (~120 meV) utilizing an electron monochromator. Abundant 
fragment anion signal is due to (M–H)−/C7H13N2O3− formation, and in addition a variety of 
other DEA products are formed.  
 
 
2. Experimental Setup 
Electron attachment to methyl-dialanine was investigated by means of a crossed electron-
molecular beam set-up which has been described in detail elsewhere.25 Briefly, a high 
resolution electron beam (full width at half maximum (FWHM) of about 120 meV) is formed 
in a hemispherical electron monochromator with typical currents of ~10 nA. Negative ions 
formed in the interaction region are extracted by weak electric fields, mass analyzed by means 
of a quadrupole mass filter and detected in a channel electron multiplier operated in pulse 
counting mode. The time window from the anion formation to its detection is in the order of 
about 100 microseconds. Negative ion yields of mass-selected anions are obtained as a 
function of the electron energy. Methyl-dialanine was purchased from Ukrorgsyntez, Riga, 
Latvia, and has a stated purity of 95%. The sample is solid at room temperature and has to be 
heated in order to increase its vapour pressure, so that at moderately elevated temperatures an 
effusive molecular beam can be generated. The effusive molecular beam emerges through a 
capillary from a heated oven operated at a temperature of around 380 K which is well below 
the melting point of methyl-dialanine. For the present oven temperatures we expect no 
significant thermal decomposition of the molecules which is also confirmed by virtually 
identical fragmentation patterns in the electron ionization mass spectra recorded at 370 K and 
400 K. 
 
 
3. Computational Details 
To complement and interpret the experimental results, we have calculated the stability of 
the various fragments and molecules formed by means of the G4(MP2) method,26 the most 
recent of the Gx extrapolation methods. These quantum-thermodynamic schemes are believed 
to yield results close to ‘chemical accuracy’ (2-3 kcal/mol). The reaction thresholds have been 
obtained from the difference between all ground state energies of the reaction products (anion 
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and neutral fragments) and reactants (the parent molecule). Further, HOMO and the LUMO 
energies of methyl-dialanine have been calculated using the outer-valence Green’s function 
method27,28 in conjunction with the 6-31++G(d,p) basis set.29,30 For the computation of the 
dipole moment of methyl-dialanine the B3LYP density functional31,32 and the aug-cc-pVTZ 
basis set33 have been employed. 
All quantum chemical calculations have been performed using the Gaussian 09 software.34 
 
4. Results and Discussion 
The ion efficiency curves of 11 anions from dissociative electron attachment to methyl-
dialanine are shown in Figures 2 and 3, with the possible chemical compositions of these 
fragment anions and the position of their resonances listed in Table I. There is no evidence of 
a long-lived molecular anion, analogous to what has been found for native dialanine.19-22 The 
HOMO-LUMO gap is 9.0 eV according to the EPT/6-31++G(d,p) model chemistry; the 
HOMO and LUMO energies are -8.346 eV and 0.663 eV, respectively. These orbitals are 
shown in Fig. 4. In order to display the in-plane and out-of-plane character of these orbitals, 
the molecular backbone in this figure was rotated to a near-planar configuration. The highest 
densities of the sigma-type HOMO are in the bonds belonging to the amide group and on the 
amino group (right side of Figure 4). The -type LUMO resides on the opposite side of the 
molecule, above and below the plane of the ester group (left side of Figure 4). The total dipole 
moment of methyl-dialanine is 2.21 Debye. This is substantially lower than the one of native 
dialanine (between 4.17 D and 5.01 D for the three lowest optimized structures of dialanine19) 
and close to the limit to form a dipole bound state of the anion.35 Previously a dipole bound 
state (DBS) in amino acids was considered to act as doorway state36 for dissociation into (M–
H)– + H by coupling of the DBS with the dissociative σ*(OH) state of the carboxyl group.35  
One abundant fragment ion in DEA experiments with methyl-dialanine is assigned to the 
dehydrogenated parent anion, (M–H)–, C7H13N2O3–, showing a low-energy feature with a 
threshold at ~1.4 eV and peaking at 2.4 eV (see Fig. 2a and Table I). Figure 5 shows a 
comparison of (M–H)– for methylated and native dialanine.20 The latter shows two features 
peaking at 0.81 and 1.17 eV, i.e. resonances are obtained at considerable different energies 
compared to here. In our previous studies with native dialanine20 we derived by comparison of 
measured collision-induced decay spectra with dissociation trajectories of (M–H)– in 
molecular dynamics (MD)-simulations, that the formation of this fragment anion proceeds 
through abstraction of an hydrogen atom from the amide and carboxyl groups, leading to the 
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two resonances at low electron energies. The first resonance shows a threshold at around 0.6 
eV.  
While the disappearance of the 1.17 eV resonance accompanied by loss of the hydrogen 
atom from the carboxyl group is expected for methylated dialanine due to ´blocking´ of this 
position by the methyl group, we note that surprisingly also the resonance at 0.81 eV 
accompanied by loss of the hydrogen from the amide group is not present any more in the 
(M–H)– ion yield (although still a possible ´open´ site for H-loss). In order to shed light on 
this observation we have performed quantum chemical calculations on the threshold energies 
for the dehydrogenated parent anion for methylated dialanine as a function of the initial site of 
H loss. The corresponding results are presented in Table II and the optimized structures for 
some of the (M–H)– isomers investigated are shown in Figures 1b)-1d). The reaction 
thresholds are obtained as the difference between the ground-state energies of the products 
and reactants. For energies close to the first resonance observed at 2.4 eV, initial loss of the 
hydrogen from the amide group is energetically accessible with a threshold at about ~1.1 eV. 
It should be noted that after loss of hydrogen from the amino group also the amide isomer 
may form subsequently by proton transfer from the amide to the amino group during 
optimization which leads to the same threshold value of 1.12 eV. In contrast, the threshold for 
loss of the hydrogen from the amino group without subsequent proton transfer is substantially 
higher (~2.5 eV). The value obtained for H-loss from CH3 at the carboxyl site is 2.84 eV, i.e. 
1.7 eV higher than for H-loss from the amide group. Therefore, H-loss from the amino group 
as well as CH3 at the carboxyl site will not contribute to the feature peaking at 2.4 eV. 
Comparing now the threshold for H-loss from the amide group for methyl-dialanine and 
dialanine we observe experimentally a shift of ~0.8 eV which leads as a consequence to the 
disappearance of the resonance at 0.81 eV. This difference in threshold can only be explained 
by methylation of the carboxyl group that shifts the threshold to higher energies, since the 
methylated fragment anion is less stable. For the other carbon sites in the methylated dialanine 
molecule the thresholds are between 1.66 and 3.24 eV, i.e. similar to native dialanine (ranging 
from 1.56 to 3.42 eV) although the individual values also change upon methylation (see Table 
2). For H-loss from the carbon atom close to the central amide group a threshold of 1.66 eV is 
observed, which is close to the threshold for H-loss from the amide group, i.e. the former site 
may also be involved in the 2.4 eV resonance of (M–H)–. At this stage it is interesting to 
mention that in earlier DEA studies partial methylation was used to identify site selective H-
loss from a biomolecule. However, studies with the pyrimidines (thymine/uracil),37 purines 
(adenine),38 and amino acids (glycine),8,39 indicated no apparent shift in the resonance 
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thresholds and/or maximum of H-loss channels involving other sites than the methylated one. 
This is in strong contrast to the peptide studied presently, where a small shift of the threshold 
energy due to the methylation strongly alters the apparent anion efficiency curve.  
We note that previously also partially deuterated molecules were used to identify 
selectivity in bond cleavage processes upon DEA to biomolecules. For example, in the case of 
thymine partial deuteration was used to distinguish between different isomers of (M–H)– 40 as 
well as to determine the site of H– formation41 formed by cleavage of either nitrogen-
hydrogen or carbon-hydrogen bonds. However, the resulting ion yield of (M–H)– and H– of 
the partially deuterated compound remained virtually identical to the undeuterated 
molecule,40,41 i.e., the secondary isotope effect was negligible which can be also expected for 
DEA to partially deuterated dialanine.  
The dehydrogenated methyl-dialanine parent anion shows in addition a weak 
contribution at 5.4 eV (see Fig. 2a and Table I). Due to the fact that the incoming electron has 
already an energy far above the threshold of the different dissociation channels yielding (M–
H)– (also from carbon sites), the deposited excess energy may also be sufficient to induce the 
decay into other fragments via a unimolecular decomposition of the dehydrogenated parent 
anion. However, in the case of native dialanine the high energy resonance was only 
observable on shorter timescales than available in the present experiment, i.e. no high energy 
resonance was observed with the current setup used (see Figure 5).20 In the present study the 
cross section for the loss of hydrogen at higher energies may be enhanced by the presence of 
another methyl group in the molecule which allows the detection of the high energy 
resonance. In addition, the shift of the threshold for the methylated molecule implies less 
excess energy in (M–H)– formed at this electron energy. Thus (M–H)– representing an 
intermediate in a sequential dissociation process may be formed more abundantly in favour of 
dissociation products. For example, we note that the additional loss of COO is not observed 
here within the detection limit of the apparatus, while (M–COOH)– was an abundant product 
anion in dialanine formed at 5.3 eV.19 
The fragment ion at 143 u (see Fig. 2b) is either formed via loss of a neutral methoxy 
radical (OCH3) or neutral methylamine (NH2CH3) from the TNI. For native dialanine an 
abundant ~0 eV resonance was ascribed to formation of (M–NH3)– while a much weaker 
resonance at 5.1 eV was assigned to (M–OH)–. For the methylated species the resonance 
peaks are located at slightly higher electron energies, i.e. located at 0.4, 1.8 and 6.0 eV (Table 
I and Figure 2b). Moreover, all three resonances show similar intensity, in contrast to native 
dialanine. As mentioned in Ref. 19 the low energy peak may also arise from thermal 
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activation, which is suppressed in the present measurement due the lower evaporation 
temperature used. 
The 141 u anion yield is due to the loss of CH3 and H2O molecules from methyl-
dialanine upon DEA and assigned to (M–CH3–H2O)–. It shows three resonance features at 1.8, 
5.9 and 8.3 eV (Fig. 2d and Table I). The additional loss of a water molecule from the 
dehydrogenated dialanine has been confirmed recently in DEA studies.19 The intensity ratios 
of the resonances observed in the anion yield one mass above (142 u) match very well the 
natural abundance of the isotopic contributions of 13C, 15N and 18O (~8%), i.e. no loss of 
methanol (CH3OH) is observed here. This is in contrast to native dialanine where the 
analogous fragmentation channel with loss of H2O was observed in a resonance at 8.9 eV 
(onset ~6.8 eV), i.e. this fragmentation channel becomes blocked by methylation of the 
dipeptide. 
The low intensity anion efficiency curve of the fragment at 114 u is shown in Fig. 2e. 
This mass corresponds to the loss of a neutral HCOOCH3, which is interesting to note with 
respect to the analogous weak fragmentation pathway in native dialanine, the loss of 
HCOOH.22 In contrast, the anion one mass above (M–COOCH3)– is not observed within the 
detection limit of the present apparatus. This is in contrast to dialanine where the analogous 
channel (M–COOH)– was observed abundantly at energies > 4 eV. We have also calculated 
the threshold value for the (M–HCOOCH3)– anion and obtained a value of 0.6 eV for removal 
of COOCH3 and the additional H-loss from the amide group. H-loss from the carbon sites in 
the immediate vicinity to the methylated carboxyl group results either in a higher threshold 
value (2.5 eV; for H-loss from adjacent carbon atom) or an unstable fragment anion with 
negative electron affinity (H-loss from nearby methyl group). The threshold value of 0.6 eV 
matches well with the onset of the second resonance at 1.4 eV obtained experimentally (see 
Fig. 2e). We ascribe therefore the first resonance at ~ 0.4 eV to an impurity. Another relevant 
anionic fragment is observed at 102 u (Fig. 2f) and is tentatively assigned to C4H8NO2– 
(which corresponds to the structure of methylated alanine undergone loss of a hydrogen 
atom), with just one resonance peaking at 5.3 eV. In the DEA studies with native dialanine the 
fragment anion corresponding to dehydrogenated alanine showed in addition a resonance 
close to 1.7 eV which was tentatively assigned to an impurity of the sample by alanine 
monomers.19,22 The present results confirm this previous assignment within the detection limit 
of the apparatus. The fragments observed at 87 and 72 u (Fig. 3a and b) are attributed to 
C3H7N2O– and C3H4O2–, respectively, following the same assignment in DEA to dialanine 
because the methylated carboxyl group is cleaved as neutral fragment.20 The peaks positions 
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listed in Table I are in very good agreement with those from Ref. 19. Such anion formation 
was explained in terms of an indirect mechanism for the N–Cα bond cleavage and has been 
supported by theoretical calculations.42 Briefly, regarding the 87 u fragment, formation of the 
central carboxyl πC=O* anion diabatically couples with the dissociative σN–Cα* state, making 
the reaction channel available for electrons at ~2 eV. This is in excellent agreement with the 
lowest energy resonance at 1.8 eV (Table I). However, as far as the high energy resonances 
are concerned, and bearing in mind that their intensities are much weaker than the one at 1.8 
eV, direct initial electron occupation of a repulsive σ* orbital may explain the formation of 
the high energy resonance at 5.1 eV and 6.8 eV for 87 and 72 u. 
The anion efficiency curves as a function of the incident electron energy for fragments 
below 72 u are shown Fig. 3c - 3e, with their species assignment and resonance positions 
listed in Table I. The fragment at 59 u is due to C2H3O2– and shows only one resonance at 5.4 
eV (Fig. 3c and Table I). The structure of such an anion is unknown, however it may 
correspond to the acetyloxyl anion CH3COO– or the CH2=C(OH)O anion.43 If we take the 
electron affinities of these two neutral molecules as 3.25 and 1.8 eV43 and the standard bond 
dissociation energy for C–C as 3.6 eV, we obtain threshold energies of 0.35 and 1.8 eV, 
respectively. Such values are well below the experimental threshold at ~4.6 eV, meaning that 
such anion formation does not occur via low-lying electronic states of the anion and must be 
due to more complicated rearrangement reactions. 
Figure 3d and 3e show the yields of the fragment anions due to signals at 17 and 16 u. 
These are assigned to OH– and O–/NH2–, with the former showing a considerable strong 
resonance at 0.4 eV electron energy and a very weak contribution at 6.7 eV (Table I). Such 
anion formation requires the breaking of a C=O and C–H bonds followed by rearrangement, 
where such a concerted mechanism is remarkable at low incident electron energies. As far as 
O– is concerned, the low energy resonance (0.5 eV) may be attributed to an unknown 
contamination, whereas the high energy resonances are from the methyl-dialanine, which may 
also comprise contributions from the isobaric anion NH2–.9,44 Comparing the resonance profile 
of the 16 u anion (Fig. 3), and that from dialanine,19 we observe that the contribution at 6 eV 
is due to NH2– whereas the others (Table I) are preferentially due to the isobaric anion O–.  
 
5. Conclusion 
 In the present DEA study on methyl-dialanine anion efficiency curves for 11 negatively 
charged fragments measured in the electron energy range of 0–15 eV have been analysed. The 
dehydrogenated parent anion is an abundant fragment anion formed preferentially at the 
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electron energy of ~2 eV. High-resolution measurements combined with quantum chemical 
calculations of the threshold energies for the different (M–H)– isomers show that H-loss from 
the amide group or one carbon site in the TNI are the only operative reaction channels in the 
low-electron energy region. However, comparison with the (M–H)– ion yield for native 
dialanine shows a shift of the lowest-lying resonance by about 1.6 eV towards higher 
energies. This result is a consequence of the methylation of the carboxyl group which leads to 
considerable shifts of all thresholds for H-loss upon methylation. The assignment of 
molecular structures to the anionic masses observed is in full agreement with previous 
assignment done for native dialanine.  
Methylation of amino acids was proposed as a possibility to overcome the low volatility of the 
native species.35 Indeed, in the present study utilizing an electron monochromator the 
evaporation temperature was more than 40 K lower than used for native dialanine. However, 
particularly in view of the identification of site selective loss of hydrogen by low energy 
electron attachment the present study shows that methylation may significantly modify the 
thresholds of fragment anion formation. In this case the resulting resonance shapes and 
positions alter not only by the blocking of specific sites in the molecule but by the modified 
energetic as well. 
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Table I – Mass, assignment of the anionic species and peak positions for the fragment ions formed 
upon DEA to methyl-dialanine. 
 
Mass 
(Dalton) Species Peak position (eV) 
173 (M–H)– … … 2.4 5.4 … … … … … 
143 (M–NH2CH3)–/(M–OCH3)– 0.4 w 1.8 … … 6.0 … … … … 
141 (M–CH3–H2O)– … 1.8 … 5.9 … … 8.3 … … 
114 (M–C2H3O2)– 0.4 1.4 … … … … … … … 
102 C4H8NO2– … … … 5.3 … … … … … 
87 C3H7N2O– … 1.8 … 5.1 … … … 9.5 … 
72 C3H4O2– … 1.2 … … 6.8 … … … … 
59 C2H3O2– … … … 5.4 … … … … … 
17 OH– 0.4 … … … 6.7 … … … … 
16 O– / NH2– 0.5 … … 5.9 … 7.0 … 9.4 11.5 
 
w means weak feature  
 14
Table II. Threshold energies of the dehydrogenated parent anion of methyl-dialanine as a function 
of the initial site of H loss (marked as underlined) from G4(MP2) calculations.  
 
H-loss site   Anion Threshold (eV) 
Threshold 
Dialanine 
(eV)§ 
amide group NH2CH(CH3)CONCH(CH3)COOCH3– 1.12 0.8 
    
amino group NH2CH(CH3)CONCH(CH3)COOCH3– 1.12*  
 NHCH(CH3)CONHCH(CH3)COOCH3– 2.51 2.13 
carboxyl group NH2CH(CH3)CONHCH(CH3)COOCH2– 2.84 0.91 
carbon sites NH2CH(CH2)CONHCH(CH3)COOCH3– 
NH2C(CH3)CONHCH(CH3)COOCH3– 
NH2CH(CH3)CONHC(CH3)COOCH3– 
NH2CH(CH3)CONHCH(CH2)COOCH3–
3.28 
2.24 
1.66 
2.93 
2.43 
1.60 
2.13 
1.56 
 
*Proton transfer from the amide to the amino group occurs during optimization 
§ Reference 20 
 15
 
Figure 1. Optimized structure of neutral methyl-dialanine (top). H-loss from the amide, amine and 
methylated carboxyl groups (from left to right) are shown in the structures below, respectively. 
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Figure. 2. Anion efficiency curves as a function of the incident electron energy for fragments 
between 173 and 102 u formed upon DEA to methyl-dialanine.  
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Figure 3. Anion efficiency curves as a function of the incident electron energy for fragments 
between 87 and 16 u formed upon DEA to methyl-dialanine. 
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Figure. 4.  
Highest occupied molecular orbital (HOMO: solid isosurfaces on the right side) and lowest 
unoccupied molecular orbital (LUMO: isosurface grids on the left side) of methyl-dialanine. 
Positive and negative values of the wavefunction are not distinguished. See text for 
explanations.
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Figure 5: Comparison of the dehydrogenated parent anion for native dialanine (upper panel) 
and dialanine methylated at the carboxyl group (lower panel). 
